Layer VI of the cerebral neocortex, often called a "multiform" or "polymorphic" layer, is composed of various kinds of nonpyramidal neurons. Golgi impregnation studies have, however, revealed that layer VI, particularly its superficial part (layer Via), contains many pyramidal cells, which are characterized by an ascending apical dendrite and a skirt of basal dendrites with many spines and emit an axon from the lower part of the cell body (for review, see Tombol, 1984) . In some Golgi studies, it has been shown that layer VI pyramidal cells are separated into at least two groups with the height of apical dendrites (Lorente de No, 1949; Lund et al., 1979) . One group of layer VI pyramidal cells has a long apical dendrite entering superficial layers II-IV, and the other possesses a short apical dendrite that does not extend beyond layer V. A recent intracellular recording study using cat neocortical slices has shown that the firings of layer VI pyramidal cells are divided into those with and without depolarizing afterpotentials (DAPs), and that pyramidal cells showing DAPs have a shorter apical dendrite than pyramidal cells lacking DAPs (Kang and Kayano, 1994) . These findings suggest that layer VI pyramidal cells of the neocortex are not a uniform entity.
L-Glutamate has been assumed to be a neurotransmitter released from corticothalamic axons of layer VI pyramidal cells (for review, see McCormick, 1992) . Phosphate-activated glutaminase (PAG; L-glutamine amidohydrolase, EC 3.5.1.2), which catalyzes the hydrolysis of glutamine to glutamate, is considered to be a predominant synthesizing enzyme of transmitter glutamate, because transmitter glutamate is mostly supplied from glutamine in the CNS (Bradford et al., 1978 (Bradford et al., , 1989 Reubi et al., 1978; Hamberger et al., 1979a,b; Reubi and Cuenod, 1979; Reubi, 1980; Thanki et al., 1983; Ward et al., 1983; Szerb and O'Regan, 1984) . In the cerebral cortex, PAG immunoreactivity is observed in many pyramidal neurons (Donoghue et al., 1985; Kaneko et al., 1987; Akiyama et al., 1990) , whereas no PAG immunoreactivity is detected in GABAimmunoreactive neurons (Kaneko and Mizuno, 1994) or in nonpyramidal neurons immunoreactive for calbindin D28K (CB) or parvalbumin (PV) (Kaneko et al., 1992) . In the mammalian neocortex, intense CB and PV immunoreactivities are observed in 12-20% and 70-740/o, respectively, of GABAergic neurons, and only occasionally colocalized in a GABAergic neuron (Celio, 1986; Demeulemeester et al., 1988 Demeulemeester et al., , 1989 Hendry et al., 1989; Van Brederode et al., 1990 . Thus, PAG immunoreactivity is considered to be a good marker for non-GABAergic, presumably glutamatergic cortical neurons, whereas CB and PV immunoreactivities are conjointly markers for the vast majority of GABAergic cortical neurons. In the present study, we investigated the electrophysiological, chemical, and morphological properties of pyramidal neurons in layer VI of the rat primary motor (MsI) and somatosensory (SmI) cortices by combining intracellular recording/staining technique with immunocytochemistry for PAG, CB, and PV. The present evidence shows that layer VI pyramidal cells are separated into two groups not only by electrical and morphological properties but also by chemical characteristics.
Materials and Methods
Wistar rats (Oriental Bioservice, Kyoto, Japan) weighing 150-200 gm were decapitated under ether anesthesia. The brains were quickly removed and cut frontally into 500~pm-thick slices on a Microslicer (Dosaka EM, Kyoto, Japan). The slices were preincubated at 20°C for l-8 hr in artificial cerebrospinal fluid (ACSF) saturated with 95% 0, and 5% CO,. The ACSF was cornnosed of (in mM) 124 NaCl. 3.3 KCl. 26 NaHCd,, 1.3 KH,PO,, 2.5 &Cl,, 1 MgS04,' and 10 o-glucose. The slices were then transferred to an interface chamber, the temperature of which was maintained at 34-35°C. Glass micropipettes were made with a puller (P-87; Sutter, Novato, CA) and filled with 3% biocytin (Sigma, St. Louis, MO) dissolved in 2 M potassium methylsulfate and 50 mM Tris-HCI, pH 7.4. The electrode resistance was usually 100-200 Ma The input signal was fed into a high-input impedance DC amplifier with an active bridge circuit (IR-183, Neurodata, New York, NY), and stored in a computer through an analog-digital converter (MacLab, AD Instruments, Castle Hill, Australia).
At the end of recording, the slices were fixed at 25°C for 20 hr in 3% formaldehyde, 0.003% glutaraldehyde, and 0.1 M sodium phosphate, pH 7. After cryoprotection with 30% sucrose in 10 mM phosphatebuffered 0.85% saline (PBS), the slices were further cut frontally into 30-km-thick sections on a freezing microtome. In the following processes, each section was separately incubated in a well at room temperature, and the incubation was followed by rinses with PBS containing 0.3% Triton X-100 and 0.02% sodium merthiolate (PBS-X). The sections were first soaked for 30 min in 2% H,O, in PBS to suppress endogenous peroxidase activity, and incubated for 30 min with 10% normal donkey serum in PBS-X. The sections were then incubated with a cocktail of 7-amino-4-methylcoumarin-3-acetic acid (AMCA)-conjugated avidin D (5 p,g/ml; Vector, Burlingame, CA) and avidin-biotinylated peroxidase complex (ABC-Elite, Vector) in PBS-X. After incubation for at least 3 hr, the sections were observed under epifluorescence microscope Axiophot (Zeiss, Oberkochen, Germany) to search out biocytin-labeled cells. Into the well with a section containing biocytin-labeled cell bodies, 40 kg/ml anti-PAG mouse IgM (MAb-120; , 1:2000-diluted anti-CB mouse IgG ascites (Sigma), and 1:8000-diluted anti-PV mouse IgG ascites (Sigma) were added. After overnight incubation, the sections were subsequently reacted with 25 kg/ml biotinylated horseradish peroxidase (Vector) in PBS-X. A fluorescein-conjugated anti-mouse IgM donkey antibody (20 kg/ml; Jackson, West Grove, PA) and a Texas red-conjugated anti-mouse IgG Fc donkey antibody (10 pglml; Jackson) were added into the well with the section containing biocytin-labeled cell bodies. After incubation for 1 hr, the intracellularly labeled cells were observed again under the epifluorescence microscope to determine whether the cells showed immunoreactivity for PAG, CB/PV, or neither. Fluorescence was observed under an appropriate filter set: AMCA, 360-370 nm excitation, 397-490 nm emission: fluorescein. 450490 nm excitation, 5155565 nm emission; Texas red, 530-585 nm excitation, 2615 nm for emission.
The peroxidase in the ABC bound to biocytin was finally developed for 30-60 min with 0.02% diaminobenzidine-4HCI (DAB). 10 mM nickel ammonium sulfate, and 0.0001% H,O, in 50 rnb Tris-HCl, pH 7.6. The sections were mounted on a gelatin-coated glass slide, counterstained for Nissl with neutral red, dehydrated in ethanol series, cleared in xylene, and coverslipped. Recovered neurons were reconstructed onto a two-dimensional plane by using camera lucida with the aid of a drawing tube attached to a light microscope. The cytoarchitectonic areas and layers were mainly determined according to Zilles (1985) with adequate reference to Donoghue and Wise (1982) and Swanson (1992) . Layer Via, the superficial part of layer VI, was separated in Nissl stain from layer V by the lack of large neuronal cell bodies, and from layer VIb by the closely packed appearance of layer Via neurons (Peters and Kara, 1985) . The MsI cortex in the present study corresponded to Frl and Fr3 of Zilles (1985) , and to AGI of Donoghue and Wise (1982) . The SmI cortex was composed of Parl, FL and HL of Zilles (1985) and nearly equal to SI of Donoghue and Wise (1982) . The impalement of neurons was carried out mostly in Frl and Par1 areas. Statistical data were analyzed by nonparametric methods, such as the two-tailed MannWhitney U test and Fisher exact probability test (Siegel, 1956 ).
Results
The electrical activity of 55 layer Via neurons, which were situated within 100 pm from the section surface of the slices, was stably recorded in MsI and SmI cortices for at least 20 min with a resting membrane potential more negative than -60 mV. Sixteen to nineteen 30-km-thick sections were obtained from a 500-pm-thick slice. The cell bodies of the recovered neurons were located between the 6th and 13th sections. After reconstruction of the soma and dendrites by camera lucida drawing, 23 spiny neurons were selected as pyramidal cells that had a prominent apical dendrite extending toward the cortical surface and a skirt of basal dendrites around the cell body. Other spiny neurons, such as "inverted pyramidal" cells, were not included in the pyramidal cells. The triple fluorescence study revealed that 12 of the 23 pyramidal cells were immunopositive for PAG, but the remaining 11 were immunonegative for PAG (Fig. 1 ). All the pyramidal cells showed no immunoreactivity for CB or PV, suggesting that all these neurons were non-GABAergic.
The distribution of PAG-negative and PVICB-negative neurons was studied in the cerebral neocortex of perfusion-fixed brains by a double immunoperoxidase method. Figure 2 shows the distribution of PAG-positive and CB/PV-positive neurons in the MsI cortex. Since PAG immunoreactivity, which is located in the mitochondria of neuronal perikarya (Aoki et al., 1991) , was detected as granular immunoreaction deposits, PAG-positive neurons were easily discriminated from CBIPV-positive neurons which displayed fairly homogeneous immunoreactivity (arrowheads in Fig. 2b ). Many large-to medium-sized neuronal cell bodies showed intense PAG immunoreactivity among granular PAG immunolabeling in neuropil. Our previous double-immunofluorescence study revealed that no PAG immunoreactivity was found in CB-or PV-immunoreactive neurons in the rat neocortex (Kaneko et al., 1992) . Thus, in terms of these immunoreactivities, the cerebral cortex contained three kinds of neurons: PAG-positive cells, CB/PV-positive cells, and PAG-negative and CB/PV-negative cells. Counterstaining with cresyl violet revealed that a number of neurons were immunonegative for PAG and CB/PV, arrows in Figure 2 , u and b, point to PAG-negative and CB/PV-negative neuronal cell bodies that are embedded in the background PAG immunoreactivity of neuropil. In particular, the superficial half of layer VI and deep portion of layer V contained many PAG-negative and CB/PV-negative neurons (Fig. 2~) . Although CB/PV-negative GABAergic neurons might be included in the PAG-negative and CBIPV-negative neurons, most CB/PV-negative GABAergic neurons in layers V-VI are reportedly small bipolar neurons which are immunoreactive for vasoactive intestinal polypeptide and/or calretinin (Fuxe et al., 1977; Jacobowitz and Winsky, 1991; Kubota et al., 1994) . Thus, at least a part of PAG-negative and CB/PV-negative neurons, particularly those with a large pyramidal-shaped perikarya in layers V and VI, are likely to be pyramidal cells.
Electrical membrane properties
No difference in the resting membrane potential was found between PAG-positive and PAG-negative pyramidal cells in layer VI (Table 1 ). The input resistance (R,) of PAG-positive pyramidal cells was lower than that of PAG-negative ones, but the Qyu-e 1. PAG and CB/PV immunoreactivities of . intracellularly labeled pyramidal neurons. The three photomicrographs in each row we Yom a single site in layer VI of the cerebral torte: Y with the epifluorescence microscope under different excitations. Arrows indicate the t njected neurons that were labeled with AMCA-co1 ljugated avidin. PAG and CBffV immunoreactivity was labeled with fluorescein and Te .espectivelv. The pvramidal neuron in>a-a" disolavl ed immunoreactivitv for PAG but not for CB/PV. On the other hand, the neuron in b-b" neiiher PA?i nor &3/W immunoreactivity.
_ _ difference was not statistically significant. Electrotonic time constants were measured by injecting 0.2 msec depolarizing pulses. Potential decay from 1 msec to 50 msec after the current injection was mostly well fitted with a double exponential model. Neither membrane constant (7,) nor the first equalizing time constant (7,) was significantly different between PAG-positive and PAG-negative pyramidal cells. However, the electrotonic length of PAG-positive pyramidal neurons was shorter than that of PAG-negative neurons at the border of statistical significance (p = 0.05). Neither rheobase nor spike characteristics (height, rise time, and width) were significantly different between PAGpositive and PAG-negative pyramidal cells. The spike width of PAG-positive neurons, however, showed a tendency to be wider than that of PAG-negative ones. Action potentials in neocortical pyramidal cells are usually followed by a fast afterhyperpolarization (fAHP) showing a peak within milliseconds after single spikes, and the succeeding mere taken yiocytin-:xas red, showed dium-range AHP (mAHP) displaying a peak within tens of milliseconds after spikes (Schwindt et al., 1988) . AHPs in layer VI pyramidal cells were examined by using short depolarizing pulses of 2-10 msec duration as follows (Fig. 3) : First, an action potential was evoked by injecting i threshold depolarizing current pulse (trace x in Fig. 3~4,) . Then, the subthreshold response (trace y) evoked by the same current pulse from a slightly hyperpolarized level (0.0541 nA negative from trace x) was subtracted from trace x to reveal active components that were accompanied by the action potential (trace x-y). The subtraction was carried out at the resting (Fig. 3a,,b,) , continuously depolarized (Fig. 3a,,b ,, z-60 mV), and continuously hyperpolarized potentials (Fig. 3a,,b ,, s-85 mV). The subtraction technique showed that there were at least two types of AHPs. One type of AHPs showed only one prominent peak which was in the range of the fAHP (Fig. 3u,,u,) . Another type of AHPs was composed of no or a less prominent fAHP and a subsequent (Kaneko et al., 1989) were doubly immunostained for PAG and CB/PV with DAB as a chromogen. The sections were incubated with 10 pg/ml of anti-PAG mouse IgM, 1:5000-diluted anti-CB mouse IgG, and 1:20,000-diluted anti-PV mouse IgG. PAG was first stained by the ABC method with a biotinylated anti-mouse IgM antibody , and CB/PV was then stained by the PAP method with an unlabeled anti-mouse IgG antibody (Sternberger, 1979) . a, The sections were counterstained with cresyl violet after the immunostaining, and photographed under conventional green light. b, The same region was photographed under the light through a filter with a band path around 450 nm to suppress the color of the counterstaining. Arrows in a and b indicate PAG-negative and CB/PV-negative neurons, and arrowheads point to CBIPV-positive GABAergic cells. c, Three kinds of neurons are plotted in the MsI cortex. Note that PAG-negative and CB/PV-negative neurons were most densely distributed in the superficial half of layer VI and deep part of layer V.
mAHP that was larger than the fAHP (Fig. 3bJ . In a few cells of the hump could be inactivated above -60 mV as is described examined, the depth of the fAHP was almost the same (within below. 1 mV difference) as that of the mAHl? When a slowly depolarTen of 11 PAG-immunonegative pyramidal cells displayed a izing "hump" followed the action potential at the resting potenprominent fAHP without an mAHP peak, whereas twelve PAGtial (Fig. 3b,) , continuously depolarizing current (2-60 mV) immunopositive and one PAG-negative pyramidal cells showed was used to examine AHPs (Fig. 3b,) because a large portion no or a small fAHP followed by an mAHP peak ( of the 12 PAG-positive pyramidal cells expressed an fAHP and an mAHP of comparable depth (within 1 mV difference). The difference in the shape of AHPs between PAG-positive and PAG-negative pyramidal cells was highly significant in the Fisher test @ < 0.0001; Table 2 ). In the cases that showed peaks for the fAHP (n = 18) and mAHP (n = 13), the peaks of the fAHP and mAHP were observed at 3.3 + 1.0 and 29 + 9 msec (mean -C SD), respectively, from the onset of spikes. Afterpotential level at 3.3 msec from the spike onset was positive in PAG-positive pyramidal cells and, in contrast, negative in PAGnegative cells @ < 0.02; Table l), although this data may be complicated with several factors, such as depolarizing humps and the level of resting potentials. No significant difference in the afterpotential at 29 msec from the spike onset was found between PAG-positive and PAG-negative pyramidal cells, indicating that the difference in the shape of AHPs between the two groups of pyramidal cells was attributed mainly to the difference in the fAHI? A DAP was, in the present study, defined by a depolarizing small wave that followed each action potential in the midst of a long-duration depolarizing current pulse (Fig. 4~~) . This definition was used because the DAP could be differentiated from the low-threshold spike (LTS) that was seen only at the onset of depolarizing current pulses. Clear DAPs were observed in five pyramidal cells, all of which were immunoreactive for PAG 0, < 0.05; Table 2) .
A slowly depolarizing hump following an action potential was evoked in nine PAG-positive and three PAG-negative pyramidal cells by a short depolarizing current pulse at the resting membrane potential (Table 2 , Fig. 36,) . This kind of hump was also observed with or without action potentials at the onset of longduration depolarizing pulses (Fig. 5) . All the humps observed in the present study could be largely suppressed by continuous depolarization at -60 mV and over. On the contrary, all the pyramidal cells examined showed a clear depolarizing hump when continuously hyperpolarized below -85 mV (Fig. 3a,,b,) . These findings suggest that the hump was mainly composed of the LTS (Jahnsen and LlinBs, 1984a,b) , though the DAP was, in some cells, likely to participate in the hump associated with action potentials (Fig. 5) . A rebound hump, a depolarizing overshoot at the offset of a long-duration hyperpolarizing current pulse, was observed in all the pyramidal neurons (Table 2) . However, rebound spikes superimposed on the rebound hump (Fig. 46,) were observed only in three pyramidal cells.
Initial phasic responses of action potentials to long-duration positive current pulses were recognized in all the pyramidal cells, some of which showed initial doublet or triplet spikes (Fig.  4a,) and the other displayed initial rapid adaptation of the spike frequency (Fig. 4a,) . The phasic responses were neither repeated during a long depolarizing current pulse, evoked in an all-ornone manner, nor followed by large long-duration AHPs. Thus, all the layer VI pyramidal cells were considered to belong to the "regular spiking" class described by McCormick et al. (1985) . Nine PAG-positive and three PAG-negative pyramidal cells showed doublet or triplet spikes at the onset of long-duration depolarizing pulses (Table 1) . Initial doublet/triplet spikes appeared to be associated with slow depolarizing humps, because 10 pyramidal cells in the present study showed both initial doublet/triplet spikes and depolarizing humps 0, = 0.0033 by the Fisher test).
Spike frequency adaptation in the late phase of a long-duration positive current pulse was observed in the majority of layer VI pyramidal cells without statistically significant difference between the PAG-positive and PAG-negative cells (Table 2 ). In six pyramidal cells, a long-duration depolarizing pulse evoked initial several spikes that were followed by a long pause of firings without large AHPs. Although these cells showed the frequency adaptation of initial spikes, they were, in Table 2 , not counted as neurons displaying spike frequency adaptation. In most pyramidal cells, the "sag" potential, reportedly due to time-dependent anomalous rectification (Halliwell and Adams, 1982) , was not prominent in response to injection of long-duration hyperpolarizing pulses. However, overall inward rectification (Fig.  4b,,b,) , which was determined by measuring potential changes at the end of long hyperpolarizing pulses (arrowheads in Fig.  4a,,b,) , was found in three PAG-positive and nine PAG-negative pyramidal cells 0, < 0.02; Table 1 ).
In summary, PAG-positive and PAG-negative pyramidal cells in layer VI differed in many electric membrane properties, especially in afterpotentials such as 'AHPs and DAPs. Thus, the electrical differences between the two groups of layer VI pyramidal cells support the chemical classification of the pyramidal cells based on PAG immunoreactivity. Table 3 is the summary of the somatic and dendritic characteristics of layer VI pyramidal cells. The soma area of PAG-positive layer VI pyramidal cells was larger than that of PAG-negative ones (p < 0.05). No difference in the position of cell bodies within cortical thickness was found between PAG-positive and PAG-negative pyramidal cells. However, PAG-positive and PAG-negative pyramidal cells were distributed differently be- tween cortical areas; PAG-positive cells were found only in the SmI cortex (Par1 and FL-HL areas), while PAG-negative cells were found in the MsI and SmI cortices (Figs. 6, 7) . This is unlikely to be due to a sampling bias, because many trials were made to get PAG-positive pyramidal cells in the MsI cortex. Actually, four spiny PAG-positive neurons were recovered in cells. An action potential was evoked by injecting a threshold depolarizing current pulse of 2-10 msec duration (truce x). The subthreshold response (truce y) evoked by the same current pulse from a slightly hyperpolarized level (0.05-0.1 nA negative from trace x) was subtracted from trace x to reveal active components in association with the action potential (truce x-y). a,-a, and 6,-h, are the examples of two types of AHPs, large fAHP and small fAHP + mAHP, respectively. layer VI of the MsI cortex, but they invariably had long descending dendrites entering the subcortical white matter. These neurons were therefore not classified into pyramidal cells in the present study. Since the PAG-positive nonpyramidal cells had a thick axon entering the subcortical white matter, they were considered to be projection neurons as were pyramidal cells. During the trials to get PAG-positive pyramidal cells in and around the MST cortex, two PAG-positive pyramidal cells were impaled in FL-HL area of Zilles (1985) just laterally to the MsI cortex (cells 1, 2 in Fig. 6 ), and one in Fr2 area just medially to the MsI cortex (not shown).
Cell bodies and dendrites of layer VI pyramidal cells
There seemed no clear difference in spine density on apical and basal dendrites between the two groups of pyramidal cells (Fig. 8) . The apical dendrites of PAG-positive pyramidal cells were much shorter than those of PAG-negative pyramidal cells @ < 0.01) although the thickness of apical dendrites showed no difference between the two groups ( Table 3) . Five of 12 PAGpositive pyramidal cells had the apical dendrites that ended in layer V, while all PAG-negative pyramidal cells extend the apical dendrites beyond layer V @ = 0.037 by the Fisher test; Figs. 6, 7). On the contrary, basal dendrites and the side branches of apical dendrites were more developed in PAG-positive pyramidal cells than in PAG-negative cells (Figs. 6, 7) . The horizontal stretch of basal-dendrite arborization was much wider in PAGpositive pyramidal cells than in PAG-negative cells (p < 0.001). Fig. 6 ), which showed an fAHP and an mAHP of comparable depth, had a tall apical dendrite and less developed basal dendrites, as PAGnegative pyramidal cells did (Fig. 7) . Neurons 8 and 9 in Figure  6 had sizable descending dendrites, but the dendrites never entered the subcortical white matter.
The results concerning the dendritic arborization were further supported by a Sholl analysis of ,dendrites (Sholl, 1956) ; the number of the intersections of dendrites with concentric circles around a cell body was plotted against the radius of the circle, that is, distance from the center of the cell body (Fig. 9) . Statistically significant differences between the two groups of layer VI pyramidal cells were observed at two sites, 80-160 pm and 560-760 pm distant from the center of the cell body. At the former site, the number of the intersections of dendrites was larger in PAG-positive pyramidal cells than in PAG-negative cells, expressing the well-developed basal dendrites of PAGpositive cells. In contrast, the number of the intersections at the more distant site was smaller in PAG-positive pyramidal cells than in PAG-negative cells, mainly because apical dendrites were shorter in PAG-positive cells than in PAG-negative cells.
a Figure   5 . Slow depolarizing "humps" evoked by injecting short (a) and long (b) depolarizing current pulses. The hump is considered to consist of an LTS and/or a DAP. 
Axons of layer VI pyramidal cells
The axons of all biocytin-injected pyramidal cells in layer VI were reconstructed by camera lucida drawing. All the pyramidal cells had a main axon descending from the basal surface of the cell body, and all the main axons left for the subcortical white matter, giving off many local axon collaterals before leaving. The axonal arborizations of five PAG-positive and eight PAGnegative pyramidal cells are presented in Figures 10 and 11 , respectively. In the other cells, the staining of axon collaterals was insufficient in intensity. There was an obvious difference in the local arborization of axon collaterals between the two groups of pyramidal cells. The axon collaterals of most PAG-positive pyramidal cells were widely distributed with a bias toward lower layers under the cell bodies (cells 4, 6, 7, 8 in Fig. 11 ). Only pyramidal cell 12 showed a vertically oriented arborization of axon collaterals above the cell body (Fig. 10) . It should be noted that this cell 12 had a long apical dendrite (Fig. 6 ) and showed an fAHP and an mAHP of comparable depth.
All PAG-negative pyramidal cells, similarly to cell 12 in Figure IO, expressed vertically arborized axon collaterals along the apical dendrites (Fig. 11) . The horizontal width of axon collateral clusters was 600 p,rn or less; this was much narrower compared with cells 4, 6, 7, and 8 in Figure 10 . The relative poverty of axon collaterals in the PAG-negative cells did not seem to be ascribable to insufficient staining, because the axon collaterals of some neurons, such as cells.21 and 23, were not abundant in spite of the very intense labeling.
Discussion
The present results suggest that pyramidal cells in layer Via of rat SmI and MsI cortices are separated into two groups (Fig.  12) . One group of pyramidal cells is characterized by expressing PAG immunoreactivity, showing no or a small fAHP, and possessing a short apical dendrite and well developed basal dendrites with horizontally spread axon collaterals. The other group of pyramidal cells is distinguished by lacking PAG immunoreactivity, showing a prominent fAHP, and having a long apical dendrite and less developed basal dendrites with vertically localized axon collaterals. The presence of PAG-positive pyramidal cells (cells 11, 12 in Figs. 6, IO) , which resemble PAGnegative pyramidal cells in electrical and morphological properties, further suggests that PAG-positive pyramidal cells in layer VI are not a homogeneous group.
Technical aspects
The presence of PAG-immunonegative pyramidal cells was unexpected at the beginning of the present study. Slice preparation might spuriously suppress PAG immunoreactivity.
The number of GABA-immunoreactive neurons in cortical slices has been reported to decrease as a function of the incubation time of the slices (Chun and Artola, 1989) . This is one of the reasons why we used CB and PV immunoreactivities to identify GABAergic neurons in the present study. However, since PAG is not a transmitter but a synthesizing enzyme of transmitter glutamate, it is unlikely that PAG in cortical slices is decreased drastically during incubation for several hours (Szerb and O'Regan, 1984; Kapetanovic et al., 1993) . Furthermore, the in vivo presence of PAG-immunonegative, non-GABAergic neurons was confirmed by detecting many PAG-negative and CBIPV-negative neurons in deep cortical layers using perfusion-fixed brains (Fig. 2) . PAG immunoreactivity might be suppressed by the inaccessibility of the antibody to the antigen. However, the use of weak fixation (3% formaldehyde and 0.003% glutaraldehyde) and thin sections (30 km thick) appeared to make the tissue sufficiently penetrable to the applied antibodies, since many neurons around the intracellularly labeled cells were immunostained for PAG and CB/ PV (Fig. 1) . Finally, if PAG immunoreactivity had been artificially suppressed by experimental procedures, such as slice preparation, biocytin injection and fixation, PAG-negative cells would have been distributed at random in the two electrophysiologically and morphologically differentiated groups of pyramidal cells. This was not true in the present study. Thus, PAGimmunonegative pyramidal cells are considered really to exist in the deep layers of the cerebral neocortex, although the content of PAG in some pyramidal cells might be too low to be detected by the present method.
The reconstruction of intracellularly labeled neurons, particularly that of axon collaterals, is often difficult in the slice method. In the rostrocaudal direction, the reconstruction was limited up to 500 Frn and would therefore be incomplete. To reduce this limitation, we abandoned the intracellularly impaled neurons which were within 100 pm from the section surface of the slices. The vast majority of the dendrites were traced through several sections, but not up to the cut-end sections of the slice, indicating that the dendrites terminated within the slice. The reconstruction of the soma and dendrites was hence considered nearly complete.
Spike afterpotentials
The most evident difference of electrical properties between the two groups of layer VI pyramidal cells was found in spike afterpotentials.
Most PAG-positive pyramidal cells examined in the present study showed no or a small fAHP, whereas most PAG-negative cells displayed a prominent fAHl? Currents un- derlying the fAHP have been considered to include the transient potassium current, fast calcium-activated potassium current and delayed rectifier (for review, see McCormick, 1990) . The occurrence of no or a small fAHP in PAG-positive pyramidal cells may be due to (I) small fast potassium currents, and/or (2) depolarizing currents that counteract with the fast hyperpolarizing potassium currents. The latter is likely to be the case, because DAPs were observed only in PAG-positive pyramidal cells. In the present study, the DAP was recognized as a depolarizing notch superimposed on the fAHP (Fig. 4a,) . According to this Figure 9 . The dendritic arborization of layer VI pyramidal neurons is analyzed by Sholl's method. The number of dendritic intersections with concentric circles around a soma is plotted at 40 pm steps against distance from the center of the soma, that is, the radius of the circle. Statistical significance was determined by the two-tailed U test. definition, clear DAPs were found only in five PAG-positive pyramidal cells. However, if the DAP is small and cancelled out with fast hyperpolarizing potassium currents, the DAP may not be identified as was defined in the present study. Kang and Kayano (1994) reported that layer VI pyramidal cells in the cat cerebral cortex were separated into two groups on the basis of the presence or absence of DAPs. In pyramidal cells showing DAPs, doublet/triplet spikes in response to a longduration depolarizing pulse, which initially occurred only at the onset of a pulse, became repetitive in a pulse after long-duration pulses were injected at 1 Hz for 30-60 sec. In the present study, DAPs were observed only in PAG-positive pyramidal cells. Thus, PAG-positive pyramidal cells showing DAPs and/or small fAHPs may change the membrane response properties by the history of inputs. This suggests a functional difference in relation to the plasticity of membrane properties between PAG-positive and PAG-negative pyramidal cells in layer VI.
Functional implication of morphological difference
The apical dendrites of most PAG-positive pyramidal cells in layer VI were limited within layer V or IV. In contrast, those of many PAG-negative cells were extended into layer II/III. These results indicate that the input flow of information differs between the two groups of layer VI pyramidal cells. PAG-negative pyramidal cells collect information from both the superficial and deep layers of the cerebral cortex, whereas PAG-positive pyramidal cells mainly pick up information from the deep layers. Furthermore, PAG-positive pyramidal cells appeared to specialize in receiving inputs from the deep layers, because the arborization of basal dendrites was more developed in PAG-positive cells than in PAG-negative cells. The difference of axon collateral arborization between the two groups of layer VI pyramidal cells indicates that the intracortical targets of outputs from the two groups also differ. The columnar organization has been reported in the cerebral cortex of many mammals including rodents (for review, see Jones, 1981) . In the SmI barrel cortex of the rat brain, the cortical columnar structure (barrel) has a diameter of 250-500 p,m (Welker and Woolsey, 1974; Chmielowska et al., 1989) . The horizontal spread of the vertically oriented collateral arborization of PAG-negative pyramidal cells was equal to or somewhat larger than that of the cortical barrel (Fig. 9) . In contrast, PAG-positive pyramidal cells showed more widely spread arborization of axon collaterals (Fig.  8) . In the cortical barrel of the SmI cortex, laminar differences in the information processing of somatosensory inputs have been reported (Lamour et al., 1983; Simons, 1985; Chapin, 1986) . The present results hence suggest that PAG-negative layer VI pyramidal cells collect various kinds of information from different layers and send it back to their own barrel, whereas PAGpositive pyramidal cells receive information from the deep layers and spread it to the neighboring cortical barrels (Fig. 12) .
Corticothalamic projection and transmitters
Many pyramidal neurons in layer VI have been reported to send axons to thalamic nuclei (Gilbert and Kelly, 1975; Jacobson and Trojanowski, 1975; Lund et al., 1975; Wise and Jones, 1977; Gilbert and Wiesel, 1981; Katz, 1987) . From the present results, it is not determined which kind of pyramidal cell, PAG-positive or PAG-negative one, sends axons to the thalamus. Some pyramidal cells in layer VI have been reported to send axons to the claustrum (LeVay and Sherk, 1981; Katz, 1987) and to other cortical areas (for review, see Jones, 1984; Rosenquist, 1985) . However, the MsI cortex of rats and mice does not seem to send projection fibers to the claustrum (Sherk, 1986) . In layer VI of rat MsI and SmI areas, corticocortical neurons are much less densely distributed than corticothalamic neurons Trojanowski, 1974, 1975; Wise, 1975; Wise and Jones, 1976, 1977; Rustioni, 1988, 1989) . Furthermore, in our preliminary study using a retrograde fluorescent tracer, tetramethylrhodamine-conjugated dextran amine, many corticothalamic projection neurons in layer VI of the SmI and MsI cortices showed immunofluorescence for PAG, but some corticothalamic neurons displayed no PAG immunofluorescence (Kaneko et al., unpublished observation) . Thus, both PAG-positive and PAGnegative pyramidal cells are considered to send axons to the thalamic nuclei. Giuffrida and Rustioni (1988) reported, in a combined analysis by retrograde labeling and immunocytochemistry, that 54-60% and 55-60% of corticothalamic neurons in the SmI cortex contained immunoreactivity for aspartate and glutamate, respectively, and that, by double immunostaining, 89% of corticothalamic neurons showed immunoreactivity for aspartate and/or glutamate. Their results suggest that 29-34% of corticothalamic projection neurons are nonglutamatergic, presumably aspartatergic. In the present study, 29% of layer VI pyramidal neurons in the SmI cortex were immunonegative for PAG. These PAGnegative pyramidal neurons might use aspartate as their transmitter, although PAG is not a definitive marker for glutamatergic neurons. Thus, the thalamic nuclei are considered to receive not only glutamatergic but nonglutamatergic, possibly aspartatergic, fibers from the cerebral cortex. Cortical neurons may also receive both kinds of inputs from layer VI pyramidal cells through the intracortical axon collaterals. Since thalamic relay neurons express a metabotropic glutamate receptor that differently responds to glutamate and aspartate (Masu et al., 1991; Martin et al., 1992; McCormick and von Krosigk, 1992; Shigemoto et al., 1992) , glutamatergic and nonglutamatergic corticothalamic neurons might have different effects on thalamic neurons.
